We recently proposed that, due to the top-quark-mass enhanced Yukawa coupling, the s-channel production of a charged scalar or pseudo-scalar from heavy quark fusion can be an important new mechanism for discovering non-standard spin-0 particles. In this work, we present the complete O(α s ) QCD corrections to this s-channel production process at hadron colliders, and also the results of QCD resummation of multiple softgluon emission. The systematic QCD-improved production and decay rates at the FermiLab Tevatron and the CERN LHC are given for the charged top-pions in the topcolor models, and for the charged Higgs bosons in the generic two Higgs doublet model. The direct extension to the production of the neutral (pseudo-)scalars from the bb fusion is studied in the minimal supersymmetric standard model (MSSM) with large tanβ, and in the topcolor model with large bottom Yukawa coupling.
Introduction
The top quark (t), among the three generations of fermions, is the only one with a large mass as high as the electroweak scale. This makes the top the most likely place to discover new physics beyond the Standard Model (SM). In a recent study [1] , two of us proposed that, due to the top-mass enhanced flavor mixing Yukawa coupling of the charm (c) and bottom (b) with a charged scalar or pseudo-scalar (φ ± ), the s-channel partonic process cb,cb → φ ± , can be an important mechanism for the production of φ ± at various colliders. From the leading order (LO) calculation [1] , we demonstrated that the FermiLab Tevatron Run-II has the potential to explore the entire mass range of the charged top-pions predicted by the topcolor (TopC) models [2, 3] . In this work, we compute the complete next-to-leading order (NLO) QCD corrections to the process′ → φ ± , which includes the one-loop virtual corrections and the contributions from the additional O(α s ) processes,′ → φ ± g and gq →q ′ φ ± .
(1)
The decay width and branching ratio (BR) of such a (pseudo-)scalar are also included up to NLO to estimate the event rates. The QCD resummation over multiple soft-gluons radiation is also carried out, which provides a better prediction of the transverse momentum distribution of the (pseudo-)scalar particle. We shall choose the TopC model [2] as a benchmark of our analysis. The generalization to the generic type-III two-Higgs doublet model (2HDM) [6] is straightforward since the QCD-corrections are universal. 1 The direct extension to the production of neutral (pseudo-)scalars from bb fusion is studied in the Minimal Supersymmetric SM (MSSM) [4, 5] with large tanβ and in the TopC models with U(1)-tilted large bottom Yukawa coupling [2, 3] . We study charged (pseudo-)scalar production via the top-mass-enhanced flavor mixing vertex c-b-φ ± [1] . The corresponding Yukawa coupling can be generally defined as C L L+C R R in which L = (1 − γ 5 )/2 and R = (1 + γ 5 )/2 . The total cross sections for the φ + production at hadron colliders (cf. Fig 1) can be generally expressed as (2) where τ 0 = m 2 φ /S, x 1,2 = √ τ 0 e ±y , m φ is the mass of φ ± , √ S is the center-of-mass energy of the h 1 h 2 collider, and f α/h (x, Q 2 ) is the parton distribution function (PDF) of a parton α with the factorization scale Q. The quantity σ αβ is the partonic cross section and has the following LO contribution for cb → φ + (cf. Fig. 1a ) [1] :
where τ = m 2 φ / s with s the center-of-mass energy of the sub-process, and the terms suppressed by the small mass ratio (m c,b /m φ ) 2 have been ignored. Since we are interested in the inclusive production of the scalar φ, it is natural to choose the factorization scale Q to be its mass m φ , which is of O(10 2−3 ) GeV and much larger than the mass of charm or bottom quark.
Hence, in this work, we will treat c and b as massless partons inside proton or antiproton and perform a NLO QCD calculation with consistent sets of PDFs [8, 9, 10] .
The NLO contributions are of O(α s ), which contain three parts: (i) the one-loop Yukawa vertex and quark self-energy corrections (cf. Fig. 1b-d) ; (ii) the real gluon emission in the′ -annihilations (cf. Fig. 1e ); (iii) sand t-channel gluon-quark fusions (cf. Fig. 1f-g) . The
Feynman diagrams coming from permutations are not shown in Fig. 1 . Unlike the usual Drell-Yan type of processes (where the sum of one-loop quark-wavefunction renormalization and the vertex correction gives the ultraviolet finite result), we need to include the renormalization for the Yukawa coupling (y j ) which usually relates to the relevant quark mass (m q j ), i.e., we have to add the counter term at the NLO (cf. Fig.1d ) besides the contribution from the usual wavefunction renormalization Z q 1 q 2 φ = 1 2 (Z q 1 + Z q 2 ) (cf. Fig.1c ). This applies to the Yukawa interactions of the SM and MSSM Higgs bosons as well as the top-pions in the TopC models. It is clear that, for flavor-mixing vertex c-b-φ ± in the TopC model [cf.
eq. (10) below], the counter-term of the Yukawa coupling is equal to the top quark mass counter-term δm t /m t , which we determine from the top-quark mass renormalization in the on-shell scheme so that m t is the pole mass of the top quark. In other cases such as in the general 2HDM (type-III) [6] and the TopC models (with b-Higgs or b-pions) [7] , some of their Yukawa couplings are not related to quark masses or not of the above simple one-to-one correspondence, and thus have their independent counter terms (δy j /y j ). Besides the virtual QCD-loop corrections, the real gluon emissions from the initial state quarks have to be included (cf. Fig. 1e ). The soft and collinear singularities appeared in these diagrams are regularized by the dimensional regularization prescription at D = 4 − 2ǫ dimensions. After summing up the contributions of virtual gluon-loop and real gluon-radiation (cf. Fig. 1be ), the ultraviolet and soft singularities separately cancel. But the collinear singularities are still left over and should be absorbed into the renormalization of the PDF [13] . (The MS renormalization scheme is used in our calculation.) Finally, the gluon-quark fusion subprocesses (cf. Fig. 1f -g) should also be taken into account and computed at general dimension-D. All these results are separately summarized into the Appendix. The hadron cross sections become regular after renormalizing the Yukawa coupling and the PDFs in (2) , which are functions of the renormalization scale µ and the factorization scale
where τ = m 2 φ / s, C F = 4/3, and Ω = 3 ln µ 2 /m 2 t + 4 is the finite part of the mass counter term,
determined in the on-shell scheme. Here, the bare mass m t0 and the renormalized mass m t are related by m t0 = m t + δm t , and m t ≃ 175 GeV is taken to be the top-quark pole mass.
Note that Ω ≥ 0 for µ ≥ m t e −2/3 ≃ 90 GeV. In the following, we shall choose the QCD factorization scale µ F (set as the invariant mass Q 2 ) and renormalization scale µ to be the same as the scalar mass, i.e., Q 2 = µ = m φ , which means that in (4) the factor ln m 2 φ /Q 2 vanishes and the quantity Ω becomes
For the case of m φ ≫ m t , the logarithmic term ln m 2 φ /m 2 t becomes larger for m φ ≫ m t , and its contributions to all orders in α s ln m 2 φ /m 2 t may be resummed by introducing the running Yukawa coupling y t (µ), or correspondingly, the running mass m t (µ). In the above formula, m t is the pole mass (m pol t ≃ 175 GeV) and is related to the one-loop running mass via the relation [14] 
Using the renormalization group equation, one can resum the leading logarithms to all orders in α s [15] and obtains
with n f = 6 for µ > m t . Thus, to include the running effect of the Yukawa coupling, we can replace the (m pol t ) 2 -factor (from the Yukawa coupling) inside the square of the S-matrix element [up to O(α s )] by the running factor
where the logarithmic term in the bracket [· · ·] is added to avoid double-counting with the resummed logarithms inside m 2 t (µ). It is clear that this [1 + (C F α s (µ)/2π) Ω] factor will cancel the Ω-term inside the NLO hard cross section ∆ σ cb in eq. (4) at O(α s ), so that the net effect of the Yukawa vertex renormalization (after the resummation of leading logarithms) is to replace the relevant tree-level on-shell quark mass (related to the Yukawa coupling) by its MS running mass [cf. eq. (8)] and remove the Ω-term in eq. (4). When the physical scale µ (chosen as the scalar mass m φ ) is not much larger than m t , the above running effect is small since here the Yukawa counter-term δm t /m t contains only ln(µ/m t ). However, the case for the neutral scalar production via the bb annihilation is different. There, the loop correction to the φ 0 -b-b Yukawa coupling contains the logarithm ln(µ/m b ) which is much larger than ln(µ/m t ) and should be resummed into running coupling, as we will do in section 4.
In the TopC model, the relevant Yukawa interactions for top-pions, including the large t R -c R flavor-mixing, can be written as 2 
For the class-I TopC models [7] , we have constructed [1] a realistic and attractive pattern of K U L and K DL so that the wellconstrained Cabibbo-Kobayashi-Maskawa (CKM) matrix V (= K † U L K DL ) can be reproduced in the Wolfenstein-parametrization [16] and all potentially large contributions to the low energy data (such as the K-K, D-D and B-B mixings and the b → sγ rate) can be avoided.
We then found that the right-handed rotation matrix K U R is constrained such that its 33 and 32 elements take the values as [1] ,
which shows that the t R -c R flavor mixing can be naturally around 10 − 30%.
For the current numerical analysis we make the benchmark choice [1] based upon the above TopC model and consider,
It is trivial to scale the numerical results presented in this paper to any other values of C L,R when needed. Unless specified otherwise, we use CTEQ4M PDF [11] to calculate the rates. Note that CTEQ4M PDFs are consistent with the scheme used in the current study which treats the initial state quarks as massless partons in computing the Wilson coefficient function. The only effect of the heavy quark mass is to determine at which scale Q this heavy quark parton becomes active. 3 In our case, the scale Q = m φ ≫ m c , m b .
In Fig. 2 , we present the total cross sections for the charged top-pion production as functions of its mass, at the Tevatron (a pp collider at 1. generate any significant improvement from the one-loop running. This is because the topmass is large and the term α s ln m 2 φ /m 2 t is small for m φ up to 1 TeV. Thus, the improvement of the resummation in (8) has to come from higher order effects of α s ln m 2 φ /m 2 t . However, as to be shown in Sec. 4, the situation for summing over powers of α s ln show that the overall NLO corrections to the pp, pp → φ ± X processes are positive for m φ above ∼150 (200) GeV and lie below ∼15 (10)% for the Tevatron (LHC) in the relevant mass region. This is in contrast with the NLO corrections to the W ± boson production at hadron colliders, which are always positive and as large as ∼25% at the Tevatron [17] . The reason of this difference originates from the differences in the ∆σ′ and ∆σ gq,gq for φ ± and W ± production. While in the case of W ± production the positive ∆σ′ piece dominates, in the case of φ ± production the size of negative ∆σ gq,gq piece becomes comparable with that of the positive ∆σ′ such that a non-trivial cancellation occurs.
While it is reasonable to take the renormalization and the factorization scales to be m φ for predicting the inclusive production rate of φ + , it is desirable to estimate the uncertainty in the rates due to different choices of PDFs. For that purpose, we examine a few typical sets of PDFs from CTEQ4, which predict different shapes of charm, bottom and gluon distributions.
As shown in Table 1 and Fig. 5 , the uncertainties due to the choice of PDF set are generally within ±20% for the relevant scalar mass ranges at both the Tevatron and the LHC.
Resummation Analysis
The α s corrections to the (pseudo-)scalar production involve the contributions from the emission of virtual and real gluons, as shown in Fig. 1(b) , (c) and (e). As the result of the real gluon radiation, the (pseudo-)scalar particle will acquire a non-vanishing transverse momentum (Q T ). When the emitted gluons are soft, they generate large logarithmic contributions of the form (in the lowest order): mass of the (pseudo-)scalar, and m = 0, 1. These large logarithms spoil the convergence of the perturbative series, and falsify the O(α s ) prediction of the transverse momentum when
To predict the transverse momentum distribution of the produced (pseudo-)scalar, we utilize the Collins-Soper-Sterman (CSS) formalism [18] , resumming the logarithms of the type
. The resummation calculation is performed along the same line as for vector boson production in Ref. [17] . Here we only provide the differences from that given in Ref. [17] . But for convenience, we also list the A (1) , A (2) , and B (1) coefficients of the Sudakov exponent, which have been used in the current 
analysis:
where C F = 4/3 is the Casimir of the fundamental representation of SU(3), N C = 3 is the number of SU(3) colors, and n f is the number of light quark flavors with masses less than Q. In the above we used the canonical values of the renormalization constants C 1 = b 0 , and
To recover the O (α s ) total cross section, we also include the Wilson coefficients C
iα , among which C (1) ij differs from the vector boson production (here i denotes quark or antiquark flavors, and α = q i or gluon g). Explicitly, Table 1 : Cross sections in fb for charged top-pion production in the TopC model at the upgraded Tevatron and the LHC are shown, by using four different CTEQ4 PDFs. They are separately given for the LO and NLO processes, and for the→ φ + X and qg → φ + X sub-processes. At the upgraded Tevatron the top number is for m φ = 200 GeV, the middle is for m φ = 300 GeV, and the lowest is for m φ = 400 GeV. At the LHC the top number is for m φ = 400 GeV, the middle is for m φ = 700 GeV, and the lowest is for m φ = 1 TeV.
Collider
Upgraded Tevatron (2 TeV 
where P
j←g is the O(α s ) gluon splitting kernels [19, 20] given in the Appendix. In the above expressions, V = V DY = −8 + π 2 for the vector boson production [17] , and V = V Φ = π 2 for the (pseudo-)scalar production, when using the running mass given in eq. (8) for the Yukawa 22) and (25) of this paper). The non-perturbative sector of the CSS resummation (the non-perturbative function and its parameters, and the b 0 parameter) is assumed to be the same as in Ref. [17] .
As described in Ref. [17] , the resummed total rate is the same as the O(α s ) rate, when we include C (1) iα and Y (1) , and switch from the resummed distribution to the fixed order one at Q T = Q. When calculating the total rate, we have applied this matching prescription. On the other hand, in the case of the (pseudo-)scalar production, the matching takes place at high Q T ∼ Q values, and it is irrelevant when calculating the total rate, because the cross sections there are negligible. Thus, as expected, the resummed total rate differs from the O(α s ) rate only by a few percent. Since the difference of the resummed and fixed order rate indicates the size of the higher order corrections, we conclude that for the (pseudo-)scalar production process the O(α 2 s ) corrections are likely much smaller than the uncertainty from the parton distribution functions (c.f. Fig.4 ).
In Fig. 6 , we present the numerical results for the transverse momentum distributions The large difference of the transverse momentum distributions between the results from the resummation and fixed-order analyses throughout a wide range of Q T shows the importance of using the resummation prediction when extracting the top-pion and Higgs boson signals.
We also note that the average value of Q T varies slowly as the increase of m φ and it ranges In the TopC models, the current Tevatron data from the top quark decay into charged top-pion (π ± t ) and b-quark already bound the mass of π ± t to be above ∼150 GeV [2, 21] . We shall consider m πt > m t + m b in our study, so that its dominant decay channels are π ± t → tb, cb . The decay width of π ± t (= φ ± ), including the O(α s ) QCD corrections, is given by [22, 23] : With the decay width given above, we can study the invariant mass distribution of tb for the s-channel φ + -production:
where Γ φ and Br φ + → tb are the total decay width of φ + and the branching ratio of φ + → tb, respectively, which are calculated up to the NLO. We note that the one-loop box diagrams with a virtual gluon connecting the initial state quark and final state quark (from the hadronic decay of φ) have vanishing contribution at O(α s ) because the scalar φ is color-neutral. In Fig. 8a and Fig. 9a , we plot the invariant mass distribution for t-b andt-b pairs from φ ± (top-pion signal) and W ± * (background) decays in the TopC model. In these plots, we have included a constant factor K ≃ 1.4 (1.34) [27] for estimating the NLO contributions to the W * background rate at the Tevatron (LHC). The total rate of W * up to the NLO is about 0.70 [0.86] pb and 11.0 pb at the 1.8 [2] TeV Tevatron and the 14 TeV LHC, respectively. Before concluding this section, we discuss how to generalize the above results to the generic 2HDM (called type-III [6] ), in which the two Higgs doublets Φ 1 and Φ 2 couple to both upand down-type quarks and the ad hoc discrete symmetry [24] is not imposed. [26] shows that such a suppression persists at the high energy scales. The relevant Yukawa interactions involving the charged Higgs bosons H ± are [1] :
where
is allowed by the current low energy data [6, 35] . As a result, the Yukawa counter term in Fig. 1e involves both δm t and δm c . Consequently, we need to replace the NLO quantity Ω from the finite part of the Yukawa counter term [cf. the definition below (4)] by
in the previous section for deriving the NLO results of the type-III 2HDM. In the relevant φ ± -c-b coupling of this 2HDM, we note that, similar to the case of the TopC model, only the right-handed charm is involved [1] , i.e.,
For the typical choice of ξ U tc = 1.5 , we find that C cb R is about a factor of 1/4.3 smaller than that in the TopC model. So, the production cross section in this 2HDM is roughly a factor of 1/19 rescaling from the result of the TopC model. We note that ξ U tc is essentially a freeparameter in this 2HDM and can be around ∼O(1) as allowed by the low energy data [6, 35] .
Thus, a choice like ξ U tc ∼3 will further enhance the rates by a factor of 4. Finally, we note that the neutral Higgs spectrum of this 2HDM contains the CP-even scalars (h 0 , H 0 ) and the CP-odd pseudo-scalar A 0 . The mass diagonalization for h 0 and H 0 induces the Higgs mixing angle α. The low energy constraints on this model require [6, 35] (20), (m h , m A ) = (100, 1200) GeV, and α = 0 or π/2. We see that, due to a smaller c-b-H ± coupling input [cf. (20) ], it is hard to detect such a charged Higgs boson with mass m H ± > 250 GeV at the Tevatron Run-II. We then examine the potential of the LHC for the high mass range of H ± . The similar plots are shown in Fig. 8b and c for α = 0 and α = π/2, respectively. When cos α is large (e.g., α = 0), the branching ratio of the tb-channel decreases as m H ± increases (cf. Fig. 7b ), so that the LHC does not significantly improve the probe of the large m H ± range via the single-top mode (cf. Fig. 9b ). In this case, the W ± h 0 channel, however, becomes important for large m H ± (cf. Fig. 7b ) since the H ± -W ∓ -h 0 coupling is proportional to cos α [6] . On the other hand, for the parameter space with small cos α (e.g., α = π/2), the W ± h 0 channel is suppressed so that the single-top mode is important even for large mass region of H ± . 4 This is illustrated in Fig. 9c at the LHC for α = π/2. In order to probe the whole parameter space and larger m H ± , it is important to study both tb and W h 0 (or W H 0 ) channels.
Generalization to Neutral (Pseudo-)Scalar Production via bb Fusion
The QCD corrections are universal so that the generalization to the production of neutral scalar or pseudo-scalar φ 0 via the bb fusion is straightforward, i.e., we only need to replace (19) by
in which m φ is the mass of φ 0 . Since we can always define the φ 0 -b-b Yukawa coupling as √ 2m b /v times an enhancement factor K so that the Yukawa counter term is generated are almost equal to one [28] . The same is true for the b-Higgs or b-pion in the TopC model [2] .
It has been shown that at the Tevatron, the bb di-jet final states can be properly identified [30] . The same technique developed for studying the resonance of the coloron or techniρ in the bb decay mode [30] can also be applied to the search of the neutral Higgs bosons with large bottom Yukawa coupling. When the neutral scalar or pseudo-scalar φ 0 is relatively heavy, e.g., in the range of O(250−1000) GeV, the QCD di-jet backgrounds can be effectively removed by requiring the two b-jets to be tagged with large transverse momenta (P T ), because the P T of each b-jet from the φ 0 decay is typically at the order of m φ /2. Hence, this process can provide complementary information to that obtained from studying the φ 0 bb associate production [31, 32, 33] .
We first consider the production of the neutral Higgs boson φ 0 ∈ (A 0 , h 0 , H 0 ) in the MSSM with large tanβ, where the corresponding Yukawa couplings to bb and τ + τ − are enhanced relative to that of the SM since y D /y SM D = (tanβ, − sin α/ cos β, cos α/ cos β) at the tree-level. In the large tanβ region, the MSSM neutral Higgs bosons dominantly decay into bb and τ + τ − final states, which can be detected at the hadron colliders. In comparison with the recent studies on the φ 0 bb [32] and φ 0 τ + τ − [34] associate production, we expect the inclusive φ 0 production via the bb-fusion would be more useful for m φ being relatively heavy (e.g., m φ ≥ 200 − 300 GeV) because of the much larger phase space as well as a better suppression of the backgrounds in the high P T region. The total LO and NLO cross sections for the inclusive production process pp, pp → A 0 X at the Tevatron and the LHC are shown in Figs. 10a and b , in parallel to Figs. 2-3 for the case of charged top-pion production. From Fig. 10a , we see a significant improvement from the pure LO results (dash-dotted curves) by resumming over the large logarithms of m 2 φ /m 2 b into the running Yukawa coupling. The good agreement between the LO results with running Yukawa coupling and the NLO results is due to a non-trivial, and process-dependent, cancellation between the individual O(α s ) contributions of the bb and gb sub-processes. In contrast to the production of the charged toppion or Higgs boson via the initial state cb orcb partons, the neutral Higgs boson production involves the bb parton densities. The K-factors for the ratios of the NLO versus LO cross sections of pp/pp → A 0 X are presented in Fig. 11 for the MSSM with tanβ = 40. The main difference is due to the fact that the individual contribution by the O(α s ) bg-fusion becomes more negative as compared to the case of the charged top-pion production shown in Fig. 4 . This makes the overall K-factor of the NLO versus LO cross sections range from about −(16∼17)% to +5% at the Tevatron and the LHC. In parallel to Table 1 and Fig. 5 , we have re-examined the uncertainties of the CTEQ4 PDFs for the A 0 -production at the Tevatron and the LHC, and the results are summarized in Fig. 12 ). The transverse momentum distribution of A 0 is also studied by including the resummation of the multiple soft-gluon radiations, which takes similar shape as what shown in Fig. 6 for the case of the charged top-pion or Higgs boson. Furthermore, we note that for large tanβ, the SUSY correction to the running φ 0 -b-b
Yukawa coupling is significant [29] and can be included in a way similar to our recent analysis of the φ 0 bb associate production [32] . To illustrate the SUSY corrections to the b-Yukawa coupling, we choose all MSSM soft-breaking parameters as 500 GeV, and the Higgs mixing parameter µ = ±500 GeV which result in the opposite overall signs of the SUSY correction to the running Yukawa coupling [32] . In Fig. 10c , the solid curves represent the NLO cross sections with QCD correction alone, while the results including the SUSY corrections to the running bottom Yukawa coupling are shown for µ = +500 GeV (upper dashed curves) and µ = −500 GeV (lower dashed curves). As shown, these partial SUSY corrections can change the cross sections by about a factor of 2. The above results are for the inclusive production of the CP-odd Higgs boson A 0 in the MSSM. Similar results can be easily obtained for the other neutral Higgs bosons (h 0 and H 0 ) by properly rescaling the coupling strength. We also note that in the large tanβ region, there is always a good mass-degeneracy between either h 0 and A 0 (in the low mass region with m A < ∼ 120 GeV) or H 0 and A 0 (in the high mass region with m A > ∼ 120 GeV), as shown in Figs. 10-11 of Ref. [32] . Table 2 : Cross sections in fb for neutral Higgs boson production in the MSSM with tanβ = 40 at the upgraded Tevatron and the LHC are shown, by using four different CTEQ4 PDFs. They are separately given for the LO and NLO processes, and for the bb → A 0 X and bg → A 0 X subprocesses. For the upgraded Tevatron the top number is for m A = 200 GeV, the middle is for m A = 300 GeV, and the lowest is for m A = 400 GeV. For the LHC the top number is for m A = 400 GeV, the middle is for m A = 700 GeV, and the lowest is for m A = 1 TeV.
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Upgraded Tevatron (2 TeV We then consider the large bottom Yukawa coupling of the neutral b-Higgs (h 0 b ) and b-pion (π 0 b ) in the TopC model [2, 7, 32] . The new strong U(1) force in this model is attractive in the <tt> channel but repulsive in the <bb> channel. Thus, the top but not the bottom acquires dynamical mass from the vacuum. This makes the t-Yukawa coupling (y t ) supercritical while the b-Yukawa coupling (y b ) sub-critical, at the TopC breaking scale Λ, i.e.,
, which requires y b being close to y t and thus naturally large. Our recent renormalization group analysis [32] shows that the relation y b (µ)∼y t (µ) holds well at any scale µ below Λ. For the current numerical analysis, we shall choose a typical value of y b (m t ) ≃ y t (m t ) ≈ 3, i.e., |C bb L | = |C bb R | ≃ 3/ √ 2. In Fig. 13 , we plot the production cross sections of h 0 b or π 0 b at the Tevatron and the LHC. This is similar to the charged top-pion production in Fig. 3 , except the non-trivial differences in the Yukawa couplings (due to the different tree-level values and the running behaviors) and the charm versus bottom parton luminosities.
Conclusions
In summary, we have presented the complete O(α s ) QCD corrections to the charged scalar or pseudo-scalar production via the partonic heavy quark fusion process at hadron colliders.
We found that the overall NLO corrections to the pp/pp → φ ± processes are positive for m φ above ∼150 (200) GeV and lie below ∼15 (10)% for the Tevatron (LHC) in the relevant range of m φ (cf. Fig. 4 ). The inclusion of the NLO contributions thus justifies and improves our recent LO analysis [1] . The uncertainties of the NLO rates due to the different PDFs are systematically examined and are found to be around 20% (cf. Table 1 and Fig. 5 ). The QCD resummation to include the effect of multiple soft-gluon radiation is also performed, which provides a better prediction of the transverse momentum (Q T ) distribution of the scalar φ 0,± , and is important for extracting the experimental signals (cf. Fig. 6 ). We confirm that the Tevatron Run-II (with a 2 fb −1 integrated luminosity) is able to explore the entire natural mass range of the top-pions in the TopC model [2, 7] . On the other hand, due to a possibly smaller φ ± -b-c coupling in the 2HDM, we show that to probe the charged Higgs boson with In comparison with the φ 0 bb associate production [32] , this inclusive φ 0 -production mechanism provides a complementary probe for a neutral Higgs boson (with relatively large mass), whose decay products, e.g., in the bb or τ τ channel, typically have high transverse momenta (∼ m φ /2) and can be effectively detected [30] . This is particularly helpful for the discovery reach of the Tevatron. Further detailed Monte Carlo analyses at the detector level should be carried out to finally conclude the sensitivity of the Tevatron Run-II and the LHC via this process.
At the final stage of writing up this manuscript, we became aware of a new preprint [36] which studied the QCD corrections for the neutral Higgs production bb → H 0 within the SM, and partially overlaps with our Sec. 4 as the pure NLO QCD correction is concerned.
The overlapped part is in general agreement with ours except that we determine the counter term of the Yukawa coupling (expressed in terms of the relevant quark mass) by the on-shell scheme (cf. Refs. [22, 23] ) while Ref. [36] used MS scheme. After resumming the leading logarithms into the running mass or Yukawa coupling, the two results coincide. Note that the apparent large O(α s ) correction derived in Ref. [36] is due to the fact that it only includes the contribution from the bb sub-process, which is part of our complete O(α s ) contribution. The inclusion of the NLO contribution from the gb sub-process, which turns out to be negative and partially cancel the bb contribution, yields a typical size of O(α s ) correction to the production rate of a neutral Higgs boson produced via heavy quark fusion.
Appendix
In this appendix, we present the individual NLO parton cross sections computed at D = 4−2ǫ dimensions. We note that, unlike the usual Drell-Yan type processes, the one-loop virtual contributions (cf. Fig. 1b-d) are not ultraviolet (UV) finite unless the new counter term from Yukawa coupling (related to the quark-mass renormalization, cf. Fig. 1e ) is included.
A. Partonic processes cb → φ + X
The spin-and color-averaged amplitude-square for the cb → φ + g process is
The individual contributions (from the virtual loop and real gluon emission) to the NLO partonic cross section are:
where the standard plus prescription (· · ·) + is given by 
In ( The spin-and color-averaged amplitude-square for the gc, gb → φ + X process is
The O(α s ) partonic cross section for the quark-gluon fusions is given by:
where it is clear that the collinear 1 ǫ singularity will be absorbed into the renormalization of the PDF via the gluon-splitting function P
q←g ( τ ). The final result is finite and is given in eq. (4).
